Since we are living in the 'age of transcription', awareness of aspects other than transcription in auxin signal transduction seems to have faded. One purpose of this review is to recall these other aspects. The focus will also be on the time scales of auxin responses and their potential or known dependence on either AUXIN BINDING PROTEIN 1 (ABP1) or on TRANSPORT-INHIBITOR-RESISTANT1 (TIR1) as a receptor. Furthermore, both direct and indirect evidence for the function of ABP1 as a receptor will be reviewed. Finally, the potential functions of a two-receptor system for auxin and similarities to other two-receptor signalling systems in plants will be discussed. It is suggested that such a functional arrangement is a property of plants which strengthens tissue autonomy and overcomes the lack of nerves or blood circulation which are responsible for rapid signal transport in animals.
It is useful to recall what signal transduction means. Intracellular transmission of signals starts at a receptor. The receptor can either be a membrane protein or a cytosolic protein. According to the current textbooks, signal transduction networks are biochemical networks which operate with proteins existing prior to signal application.
Besides using pre-existing proteins, another important characteristic of signal transduction is that it uses energy to generate a multitude of secondary messengers or intermediate reactions. Therefore, signal transduction proteins with enzymatic functions are in the (nucleo)cytoplasm or in membranes, at least attached to or integrated into membranes so that energy-rich metabolites are available. Energy is used in the form of ATP, GTP, NAD(P)H, and ion gradients (Ca 2+ , H + , membrane potential), but also by ubiquitination, proteolysis and many other mechanisms. Signal components found only in the extracytoplasmic compartments seem to be rare. Ion gradients, in part, are extracyoplasmic. Receptors or enzymes with functions in signal transduction occurring only in the extracytoplasmic surfaces of (plasma) membranes are an exception, while those which present the binding domains of receptors to the extracytosolic face of membranes or to the surface of cells are common. The input of energy also enables simultaneous signal magnification in the cell and/or better propagation. In addition, biochemical reactions triggered by receptors in plants are just as rapid as in animals and occur within seconds or minutes (Fig. 1) .
Gene regulation and the biosynthesis of new proteins are often the consequence of signal transduction so that a physiological change can manifest itself and persist. At the watershed of signal transduction and transcription there are transcription factors whose activity is regulated by a multitude of different mechanisms (Schü tze et al., 2008) .
Signal-initiated transcription is of obvious physiological importance. The author finds signal-dependent transcription often declared as signal transduction in the literature and confused with signal transduction per se.
Auxin receptors determine the timing of early auxin responses
What makes a binding protein a receptor?
There are two proteins which may function as auxin receptors. The first was described as AUXIN BINDING PROTEIN 1 (ABP1) (Hertel et al., 1972; Lö bler and Klämbt, 1985a, b) . It is still often regarded as a binding protein without a clear receptor function. The second protein, TRANSPORT-INHIBITOR-RESISTANT1 (TIR1), is accepted as an auxin receptor by the scientific community (Dharmasiri et al., 2005a; Kepinsky and Leyser, 2005) . Both proteins specifically and reversibly bind auxins: ABP1 binds two auxin molecules as a dimer , and TIR1 binds auxin in a sandwich complex consisting of TIR1, auxin and an IAA protein (Tan et al., 2007) . If ABP1 and TIR1 are viewed as candidate receptors and we apply the rules recently formulated by Jones and Sussman (2009) then both proteins should bind ligands with strict structural and steric specificity. Further, a ligand binds its cognate receptor reversibly, saturably, selectively, and with a stoichiometry of one (or more) molecules of ligand per molecule of protein. It can be expected that the affinities of agonists often correlate with a half-maximal physiologically effective concentration. Mutations in putative hormone receptors must affect signal transduction in a way that can be understood.
The auxin-binding properties of both proteins qualify them to be receptors. In fact, details about auxin binding, specificity for different auxins, and subcellular localization of ABP1 are well-documented (Ray, 1977 , Jones, 1994 .
A conformational change in the receptor as the ensuing step after the binding of the hormone is not clearly demonstrated for TIR1, but TIR1 forms a sandwich complex with auxin and IAA protein and complex formation enhances the E3 ligase activity of TIR1 so that a clear mode of action is envisaged (Mockaitis and Estelle, 2008; Calderon-Villalobos et al., 2010) . Details about the functions of individual members of the TIR1/AFB protein family are beginning to become unravelled (Dharmasiri et al., 2005b; Parrya et al., 2009) .
Experimental evidence points towards the C-terminal peptide as the part of ABP1 having biological activity (Thiel et al., 1993) . Model calculations based on the 3-dimensional structure of ABP1 (Woo et al., 2002) support a concept of a flip-flop type movement of the C-terminus upon binding auxin to ABP1 (Bertoša et al., 2008) . The final aspect of the definition of receptors is: do mutants make the action of the receptors understood? TIR1 was found to be a mutant and, because of its now-familiar 3-dimensional structure and enzymatic function, the impact on function of any tir1 mutant seems easy to assess. Several genetically engineered mutants of ABP1 and one point mutation are known and can also be understood to have various impacts on auxin functions (Chen et al., 2001b (Chen et al., , 2006 David et al., 2007; Braun et al., 2008; Effendi et al., 2011; Robert et al., 2010; Xu et al., 2010) . However, it is still not known what action ABP1 performs aside from hormone binding or exactly how ABP1 could exert an ensuing action (Tromas et al., 2010) . The missing link is the 'docking protein' which supposedly transmits the signal across the membrane, probably the plasma membrane (Klämbt, 1990) . With the knowledge now available, including knowledge of mutants of ABP1, we should start seeing ABP1 as a receptor. The prediction is that the missing link will soon be found due to the recently revived interest in ABP1.
TIR1 action leads to the biosynthesis of new proteins with the consequence of delays in the time-course of actions triggered by TIR1
The most rapid measurement of a TIR1-directed response is the auxin-induced acceleration of the degradation of the IAA1-luciferase hybrid protein ( Fig. 2A) . Clearly, 2 min after auxin application IAA1-luciferase activity has already dropped to 60% (Zenser et al., 2001) . Another, only slightly less rapid, event is the appearance of early auxin-induced mRNAs of IAA genes after 2.5-5 min (Fig. 2B) , which is the consequence of this rapid proteolysis of IAA proteins (Ballas et al., 1993) .
It should be emphasized here that IAA transcription factors and mRNAs do not have enzymatic activities, but that new enzymatic activities are needed to achieve a change in the physiological status of a cell. The hypothetical possibility that early mRNAs could have unknown functions in signal transmission is not pursued here. RNAs with regulatory action are, for instance, miRNAs (RubioSomoza et al., 2009) . The known function of miRNA depends on the destruction of a set of mRNAs and then a following decline in protein activity by turnover of those proteins coded by these respective mRNAs. Time-courses of the action of miRNAs are not known. Actually, the design of rapid protein destruction when executed by TIR1-induced ubiquitination seems to be a much faster mode than any that could be induced by a miRNA-based mechanism. A response to auxin can be induced by a receptor without any newly made protein only by regulation of enzymatic or other protein activities. Nevertheless, new proteins made to induce a hormone response are probably needed in all compartments. Few data on the time-course of individual plant proteins are known. Clear data on the timing of biosynthesis of individual proteins in plant systems are scarce because they require elaborate pulse-chase experiments.
Looking at proteins in animal cells in the secretion pathway, new proteins appear within 1-6 min in the RER, within 16-36 min in the Golgi apparatus, within in 36-56 min in condensed vacuoles, and after 56-116 min secreted outside the cell (Castle et al., 1972) . These time spans are probably quite similar for secretion in plant cells, although they may vary considerably. Another example is the animal Na + /K + -ATPase which takes 20 min to reach the plasma membrane as single subunits and whose dimers are fully mature after 1 h (Coupaye-Gerard et al., 1997) . Another report determined a period of 50 min for animal Na + /K + -ATPase to reach the plasma membrane (Caplan et al., 1990) . PIN proteins and plant plasma membrane H + -ATPase may have comparable time-courses of their biosynthesis, although the temperature in plant cells will usually be lower. An increase in the amount and activity of plant plasma membrane H + -ATPase was perceivable after 40 min of IAA treatment (Frias et al., 1996) . In addition, an activity increase may happen without protein biosynthesis by phosphorylation of H + -ATPase, as shown for blue light as a stimulus (Fuglsang et al., 1999) .
Another set of important membrane proteins, the PIN proteins, are located in the plasma membrane (Kleine-Vehn and Friml, 2008) or in the ER (Mravec et al., 2009) . Auxin transport changes induced by auxin occur as quickly as after 3 min, probably by inhibiting endocytosis of the plasma membrane-bound PIN proteins . Most recently, this group showed that the block of endocytosis by auxin was not dependent on TIR1, nor on protein synthesis, and was suppressed in abp1 mutants (Robert et al., 2010) . The authors point out that TIR1-induced gene regulation and protein biosynthesis of PIN proteins cannot be a mechanism for this effect and that ABP1, rather, must be the relevant auxin receptor here.
Cell elongation requires both the loosening and/or cutting of load-bearing bonds and the secretion of both protein and hemicelluloses to the cell wall (Geitmann and Ortega, 2009 ). Export of extensin to the cell wall takes 30 min as determined by pulse-chase labelling experiments (Doerschug and Chrispeels, 1970; Gardiner and Chrispeels, 1975) . Extensins are thought to be critical for cell elongation (Shcherban et al., 1995) . Inhibition of protein biosynthesis will interfere in extensin biosynthesis, but the exact time point of concomitant growth interference cannot be derived from these data.
Cycloheximide is a tool used efficiently and very quickly to stop all protein biosynthesis. It has often been used in experiments on auxin-induced elongation to demonstrate the impact of protein biosynthesis. Concentrations as low as 1 lg ml À1 inhibit auxin-induced elongation and proton secretion but most often, 50-100 lg ml À1 have been used in such experiments. In experiments optimized for the rapidity of inhibition of the cycloheximide effect, a lag phase of 8-9 min for elongation inhibition or proton secretion inhibition could not be reduced further (Bates and Cleland, 1979; Frias et al., 1996) . Other authors have determined 9-15 min for the cycloheximide effect (Evans and Ray, 1969; Penny, 1971) (Fig. 2C, D) . For comparison, the lag phase for elongation has been determined as 10-15 min (Dela Fuente and Leopold, 1970; Hager et al., 1971; Rayle and Cleland, 1980) . In other words, this defines a period of 8-15 min during which auxin-induced responses do not depend on new protein synthesis or, by the same reasoning, on TIR1 as a receptor. Recently, it has also been demonstrated that inhibition of PIN protein endocytosis by auxin was not prevented by cycloheximide (Robert et al., 2010) .
Cell-cycle activation is another important auxin response (Perrot-Rechenmann, 2010) . Biosynthesis, as well as proteolysis by the proteasome of critical proteins, is required to start and sustain the cell cycle. Although auxin-dependent elongation (30 lM IAA) of maize coleoptiles by 10 lg ml À1 cycloheximide. Shown is the length of the coleoptile as the parameter as measured by a transducer. For clarity, the time span to full inhibition is indicated as a double arrow. Reproduced from: Evans and Ray (1969) , ª Evans and Ray (1969) transcription of CDKA;1 and other cell-cycle regulating genes has been described and the CDKA;1 promoter contains an auxin-responsive regulatory element (AuxRe), the exact timing of transcription has not been investigated. Given that the cell cycle takes hours, a rapid accumulation of such genes seems unlikely. It is, in this context, an important experiment, therefore, to measure the time span of the appearance of individual new auxin-induced proteins. For luciferase coded from the rapid auxin-activated promoter of the GH3-2 gene, the time span is 30(-50) min. No protein activity increase prior to the 30 min phase has been found ( Fig. 2E) (CalderonVillalobos et al., 2006) . In the same article, luciferase induced from unknown promoters increased by 10% within 20 min of the peak of this activity (line LT028), or by 10% of the maximum within 10 min (line LT095) or by 8% of the maximum after 30 min (line LT032). So when a complex response, such as elongation, is considered there is an 8 min lag phase until the necessity for protein biosynthesis becomes apparent. Potentially, very quickly induced individual proteins could be coded, however, by auxininducible promoters. Membrane proteins (and particularly plasma membrane proteins) require a time span in the range of 30 min until protein increase is detectable. A more difficult question to answer is how much new protein is needed to drive a response. Could it be just a 5-10% increase, or is it more like a half-maximal increase to induce a detectable response? In the following, auxin responses within a period of 8 min are assumed to be independent of new protein biosynthesis and thus not controlled by TIR1. This is assumed to be the minimum estimate. For complex responses like the classical elongation response involving membrane proteins and secretion, these 8 min seem to be too short to employ the newly made protein as the driving force for the response. For responses such as changes in the activity of auxin transport catalysed by PIN proteins, new protein biosynthesis seems to be too slow, even within the first 30 min, to have a regulatory impact (see also Robert et al., 2010) . Rather, the regulation of the protein activities seems to be achieved by modulation of the activity of existing proteins.
In summary, when time-courses of auxin-induced mRNA biosynthesis are compared with time-courses of proteins important for auxin functions, it is noted that some early auxin responses cannot explain how new proteins come to function. Thus TIR1, the receptor for direct regulation of early auxin genes and ensuing protein biosynthesis, cannot be the only receptor to trigger all auxin responses. This indirect argument is supported by several direct arguments (see below).
The known functions of early auxin genes and their fitting in a time-course of responses
If early RNAs do not directly perform the cellular status changes within the auxin responses, which ones code for the important proteins and what is their functional position in early auxin responses? These are the IAA proteins, the SAUR proteins, the GH3 enzymes, glutathione S-transferases and several ethylene-forming enzymes (Papanov et al., 2008) . The IAA proteins are co-repressors in transcription, whereas SAURs are short-lived positive regulatory proteins with unknown functions. The glutathione S-transferase enzymes may be involved in detoxification (Takahasi and Nagata, 1992) . GH3 enzymes down-regulate auxin, jasmonate, and salicylic acid (Staswick et al., 2005) . A report has shown that AtGA20ox3 and AtGA3ox2 (Frigerio et al., 2006) are also early-induced auxin genes. Therefore, several enzymes are regulated by auxin in transcription/translation. They can induce changes in the concentration of auxin, jasmonate, and salicylic acid by GH3 enzymes, ethylene by ACS, or gibberellin by GAoxidases. To exert their effects downstream on auxin-induced growth by changing the concentration of several hormones would require an additional, as yet unknown, time span on top of the time needed for conjugation or biosynthesis of the signal substances. So, all these proteins do not directly or quickly (in less than 15-30 min) interfere in growth or other auxin responses. Rather, they prepare or modify these responses on a slower time scale. IAA proteins and SAURs are rapid regulators, but other early auxin-induced proteins will be considerably slower in their effects.
It is important to realize that only the proteins mentioned above are known as early auxin-regulated. There may be more of them, but it is difficult to believe that many have gone unperceived in systematic microarray experiments (Paponov et al., 2008) . Conspicuously absent from this list are proteins known to regulate the activity of other proteins, such as protein kinases, protein phosphatases, NADPH oxidases, ion channels or enzymes to synthesize second messengers like nitric oxide, lipid breakdown products and many others. These enzymes of biochemical signal transduction are usually activated/inactivated by a receptor, but they are already present in the cytosol.
Auxin-induced activities not under TIR1 control indicate the presence of a second auxin receptor
The function of TIR1 is to initiate gene regulation and the biosynthesis of new proteins. However, it follows, that all auxin responses faster than 15-30 min are not TIR1-dependent, but nevertheless, they require an auxin receptor (Paciorek and Friml, 2005; Badescu and Napier, 2006) . The enzymatic responses or protein-based responses to auxin known to precede the biosynthesis of new proteins are not so few. Ironically, even the classical elongation test falls within this category or is at least close in its timing to this category (see section 'Can elongation be triggered by TIR1?). It used to be the test to define which substance is a natural or artificial auxin.
Auxin and membrane hyperpolarization, channel regulation, and proton extrusion: A very rapid response to auxin was measured as a drop in membrane potential in protoplasts (Barbier-Brygoo et al., 1989 , 1991 (Fig. 3A) . This response could be measured immediately after auxin application. The Two-receptor concept in plant signal transduction | 3343 original electrophysiological method was later modified in response to criticism of the applied electrophysiological methods (Leblanc et al., 1999a, b) but, in essence, the results were the same. Antibodies against ABP1 inhibited this response and the auxin activity mimicking antibody D16 initiated a similar response as well (Venis et al., 1992) . Even though a direct linkage to ABP1 as an auxin receptor was established, one enormous drawback remained: no downstream response could be clearly linked to this very fast response. Earlier findings on the hyperpolarization of membrane potential by auxin (Bates and Goldsmith, 1983; Ephretikine et al., 1987) and the acid-growth theory (Hager et al., 1971) were the inspiration for these experiments. So these measurements of auxin-induced membrane depolarization in protoplasts were able to link ABP1 to auxininduced membrane potential changes observed in planta.
Proton extrusion by H + -ATPase must be balanced by channel regulation. Otherwise it is slowed down by membrane hyperpolarization and cannot lead to acidification. Either K + influx or anion efflux must accompany H + extrusion in order to allow acidification. This is the fundamental observation which led to the establishment of the acid-growth theory (Hager et al., 1971; see below) . Rapid auxin stimulation of inward rectifier K + channels was found in Vicia guard cells (Fig. 3B) (Blatt and Thiel, 1994) , and the effect had a half-time of stimulation of 0.1-0.24 s. The C-terminal peptide of ABP1 was used as a signal substance and mimicked auxin so that a functional link to ABP1 was apparent. An N-terminal peptide from ABP1 was used as a control and had no effect (Fig. 3C) (Thiel et al., 1993) . Later, Bauly et al. (2000) found that ABP1-overexpressing Arabidopsis plants were drought-resistant. Although this was not investigated in detail, this seems to correspond to the effects in channel physiology. A further rapid response to auxin was an increase in proton current from maize protoplasts. The current was found to be stimulated after about 3 min following the addition of auxin (Fig. 3D ) (Rü ck et al., 1993) . The current was inhibited by erythrosin B, an inhibitor of H + -ATPase. The comparable effects of IAA and the fungal toxin fusicoccin (FC), mimicking auxin, on the membrane potential and the H + -ATPase activity in these experiments confirmed central postulates of the acid-growth theory. Moreover, anti-ABP1 antibodies blocked this response, again providing a clear functional link to ABP1. Fusicoccin, known to be a potent proton extrusion activator in tissue, also activated proton extrusion in protoplasts but without a lag phase. FC served as a positive control, indicating that this auxin response is valid. The action mechanism of fusicoccin is known. It binds to the phosphorylated c-terminus of H + -ATPase, thus clamping it in an activated status (Fuglsang et al., 1999) . Phosphorylation of H + -ATPase, a mechanism for activation, has been reported for auxin (Frias et al., 1996) and blue light (Kinoshita and Shinozaki, 2001 ). Later, protoplast swelling induced by auxin and the auxin-mimicking D16 antibody was used as yet another response related to the proton extrusion theory of cell expansion and ABP1 (Steffens et al., 2001 ).
Calcium and auxin: Calcium influx into wheat protoplasts was another fast response observed by Shishova et al. (2007) . The rise in cytosolic calcium was recorded after about 0.5 min (Fig. 4A) . Monshausen et al. (2011) used the fluorescent calcium indicator cameleon to show a transient calcium influx in less than 1 min into cells of root tips, induced by auxin (Fig. 4B) .
Earlier reports on an increase in cytosolic calcium induced by auxin used fluo-1 as a calcium indicator (Gehring et al., 1990) , which was not commonly accepted as a valid indicator for plant cytosolic calcium. A drop in pH due to 1-NAA addition, but not to 2-NAA addition, has also been reported by Shishova et al. (2007) . A rapid alkalinization, however, was observed in Vicia guard cells after auxin application (Thiel et al., 1993) . These discrepancies might be explained by choosing different cell types and bathing media. The composition of the bathing solution can greatly influence proton movement (Roos, 2000) .
Auxin and phospholipases: Next on the time scale follows the activation of phospholipase A by auxin, observable as soon as 2 min after stimulus application (Fig. 5A) (Scherer and André, 1989; Paul et al., 1998) . This response has not yet been linked to a receptor, but TIR1 can now be excluded as the receptor (Scherer et al., 2007) . Inhibitors of phospholipase A inhibit the activation of phospholipase A (Paul et al., 1998) , and auxin-induced elongation in zucchini hypocotyl segments and in etiolated Arabidopsis seedlings (Scherer and Arnold, 1997; Holk et al., 2002) . They also inhibit transcriptional activation of the auxin-activated DR5 promoter and several early auxin genes (Scherer et al., 2007) . This shows that blocking phospholipase A blocks the activation of transcription of known early auxin-induced genes. Insertional mutants for several phospholipase A genes have been isolated and characterized so far and show defects in auxin-related functions (Rietz et al., 2010) . Phosphorylation at a C-terminal serine of two phospholipase A by calcium-activated CDK3 and an activity increase was shown and suggested as a mechanism for enzyme activation. Therefore, functional linkage of phospholipase A to classical elongation growth, root architecture, and gene regulation by auxin as early downstream processes is indicated.
Lamattina and coworkers showed a rapid increase of phosphatidic acid, PIP, and PIP 2 in response to auxin and sodium nitroprusside (SNP), an NO (nitric oxide) donor (Fig. 5B) (Lanteri et al., 2008) . Levels of all lipids increased within 5 min, with PIP and PIP 2 being perceived within 1 min (Fig. 5B) . Using the NO scavenger cPTIO and an NO donor, Lamattina and coworkers tied the inositol lipid response to NO as a second messenger in auxin action. However, the time-course of NO biosynthesis was not determined. A receptor for the rapid responses has not yet been identified, but it is unlikely to be TIR1.
Auxin activation of MAP kinase and Rac-like G-protein: MAP kinase is often a component of a signalling module consisting of MAPKKK, MAPKK and MAPK, and may lead to the phosphorylation of transcription factors. A MAPK is activated by auxin within 5 min (Fig. 6A ) (Mockaitis and Howell, 2000) . The inactive auxin analogue a-(p-chlorophenoxy) isobutyric acid (PCIB) caused only an insignificant reaction. The auxin receptor upstream for this response remained unknown.
Auxin-induced binding of a small Rac-like G protein to the isolated plasma membrane (Fig. 6B) fell within the same range of time (Tao et al., 2002) . Within 5 min, the first response was detectable and binding increased steadily during the first hour. These small G proteins migrate into the nucleus, where they apparently trigger the breakdown of IAA-luciferase indicator activities. Expression of a mutated AtRac1 efficiently suppressed the auxin-induced decline of IAA7-luciferase and IAA17-luciferase in transfected protoplasts (Tao et al., 2005) , proving that auxin signalling is AtRac1-dependent. Actually, the regulation by a Rac-like protein of TIR1-dependent degradation of IAA-luciferase indicates the possibility of upstream reaction(s) regulating TIR1 activity (see below). More recently, a similar assay was conducted with protoplasts and auxin-induced binding of two small G proteins, ROP2 and ROP6, to the membrane fraction within 30 s (Xu et al., 2010) . The binding response of G protein to the plasma membrane within 0.5 min is dependent on ABP1 and the response is far too rapid to be regulated by transcription/ translation.
Auxin inhibition of auxin efflux transport requires a receptor and it is not TIR1: Polar transport is one of the classical features of the plant hormone auxin (Goldsmith and Thimanns, 1962; Goldsmith, 1967) . It is catalysed by PIN proteins (Petrasek et al., 2006) . Several of the PIN auxin efflux transporters (at least PIN1, PIN2, and PIN3) constantly cycle between the plasma membrane and an endosomal compartment which creates a balance between internal and plasma membrane-localized PIN proteins (Kleine-Vehn and Friml, 2008) . Inhibition of endocytosis of these polar efflux transporters stimulates polar auxin efflux because more PIN transporters remain on the plasma membrane (Fig. 7A ). This auxin efflux stimulation by auxin was observed in cell culture cells within 3 min . Again, the process was too rapid to be triggered by TIR1-directed gene regulation and required a different auxin receptor. Very recently, the model was refined (Robert et al., 2010) . Auxin binding to ABP1 is necessary, as proved by the investigation of ABP1 mutants, in order to inhibit the endocytosis of PIN1 and PIN2 so that efflux of auxin can be stimulated. The fastest changes in PIN2-GFP localization were observed after 5 min by microscopy and were independent of the presence of TIR1-like receptors and the protein synthesis inhibitor cycloheximide. Together, this proves ABP1 to be the receptor for this response. Regulation of auxin transport has numerous consequences for plant development (Tanaka et al., 2006) . Because Two-receptor concept in plant signal transduction | 3347 auxin-transporting cells, for instance, attract a higher auxin concentration than the surrounding cells (Scarpella et al., 2006) , auxin signal strength is modulated in such cells so that TIR1 can regulate genes accordingly.
Can elongation be triggered by TIR1?
: Surprisingly, what has been completely overlooked in emphasizing TIR1 as an auxin receptor is the simple fact that the classical auxin response in etiolated coleoptile or hypocotyl segments, the stimulation of elongation and proton extrusion, begins within 10 min. This early phase of the kinetics of elongation cannot easily be explained as being induced by transcription/translation (Fig. 7B) (Hager et al., 1971) . The rate of auxin-stimulated elongation growth increases after a 10 min lag phase and rises during the first 30-45 min, after which a small decline to a plateau value follows, that is sustained for several hours. Even though transcription regulation starts after a few minutes ( Fig. 2A) , most of the data on individual proteins indicate that only a few proteins are made prior to the start of elongation. Also, cycloheximide data show the dependency on protein biosynthesis of elongation. Data in individual time-courses (Fig. 2C, D) show a span of 8-15 min to reach full inhibition of elongation (Evans and Ray, 1969; Penny, 1971) . A recent addition to this theme is the observation that cell elongation is quite similar in the wild type, in the triple mutant tir1-1/ afb1-3/afb2-3, and in the quadruple mutant tir1-1/afb1-3/ afb2-3/afb3-4 but gene activation as quantified by DR5-GFP activation was strongly delayed in the tir1/afb mutants. The authors conclude that the rapid induction of auxin-induced growth is not strictly dependent on the global change in auxin-induced genes via the TIR1/AFB pathway (Schenck et al., 2010) . Therefore, the first elongation period is difficult to explain as solely dependent on TIR1. Indeed, in the author's post-doc years it was these first 10 min, the lag phase, that created the 'mystery' of auxin action, and most of it is still a mystery. Most likely, rapid effects on membrane potential and proton currents (Fig. 3) are to be integrated into the familiar effect of tissue acidification induced by auxin (Hager et al., 1971) . It is only the buffering capacity of tissue that makes the detection of channel regulation and proton extrusion appear slower and more difficult to relate to the timing of the primary events.
Direct evidence for an ABP1 function in auxin functions such as cell division, elongation, and gene regulation: A number of ABP1 mutants engineered by biotechnological methods have been generated. Jones and colleagues used plants and cell cultures which over-expressed, either constitutively or conditionally, ABP1 and plant and cell cultures which could be induced to silence APB1 expression (Jones et al., 1998; Chen et al., 2001b) . These experiments clearly showed a function for ABP1 in cell elongation and cell division. Investigation of an abp1 T-DNA insertion mutant indicated a function of ABP1 in embryogenesis but at the same time, this thwarted further research in that the mutant was embryo-lethal (Chen et al., 2001a) .
A different strategy was chosen by Perrot-Rechenmann and colleagues. They expressed an FAB fragment of an antibody against ABP1, either under a constitutive or an ethanol-inducible promoter (David et al., 2007; Braun et al., 2008; Tromas et al., 2009) . When expressed in the cytosol, expression of this antibody was ineffective. However, when expressed in the apoplast it inhibited the cell cycle in cell cultures, showing that the cell cycle is under ABP1 control (David et al., 2007) . The inhibition of ABP1 functions in ethanol-treated Arabidopsis revealed severe retardation of leaf growth involving an alteration in cell division frequency, an altered pattern of endocycle induction, and a decrease in cell expansion, and this verified previous results from cell cultures (Chen et al., 2001a; Braun et al., 2008) . Importantly, when ABP1 suppression was induced by ethanol for 8 h, several early auxin-regulated genes were not up-regulated (Braun et al., 2008) . In a few cases, even after 1 h, ethanol induction genes were mis-regulated (Tromas et al., 2009) . Expression patterns of PIN1 and PIN2 proteins were not significantly different in ethanolinduced root tips, so that an influence of ABP1 on auxin transport was not apparent but could not be completely excluded.
Additional evidence of the role of ABP1 as a receptor in different auxin responses has been provided by three recent publications (Robert et al., 2010; Xu et al., 2010; Effendi et al., 2011) . One, proving the role of ABP1 in the auxininhibited endocytosis of PIN proteins using abp1 mutants (Robert et al., 2010) , has already been mentioned above (see section 'Auxin inhibition of auxin efflux transport requires a receptor and it is not TIR1'). Importantly, these observations may be extended to more PIN proteins, meaning that ABP1 would be the receptor to regulate auxin transport throughout the plant. Xu et al. (2010) also base their argument on the use of abp1 mutants and the timing of this very rapid response, as mentioned (see section 'Can elongation be triggered by TIR1?'). Their observation was that auxin influences the lobed pattern of epidermal cells and that this pattern formation is both critically dependent on ROP2 and ROP6, but also on ABP1, as shown by the effects of mutations in each of the three genes. Recently, the receptor kinase FERONIA was found to be an interactor with Rac-like small G-proteins and which might also act as the transmembrane bridge or docking protein for ABP1 signal transmission even though it was not directly shown (Duana et al., 2010) .
The same embryo-lethal T-DNA insertion described by Chen et al. (2001b) was used as a starting point to investigate the properties of this plant as a viable heterozygous abp1/ABP1 mutant (Effendi et al., 2011) . The heterozygous plants had agravitropic roots and hypocotyls, were aphototropic, and decreased in apical dominance. Acropetal auxin transport in the root was also decreased. The results were interpreted in such a way that ABP1 signalling regulates PIN-dependent auxin transport. This transport regulation, in consequence, will influence the internal auxin concentration so that the regulation of early auxin genes depends on it. Consistently, ten early auxin genes out of ten had a regulatory defect appearing after 30 min and 60 min. Most importantly, ABP1 proved to be an early auxinregulated gene itself and was less quickly up-regulated within 30 or 60 min in the abp1/ABP1 background compared with the wild type. Moreover, most but not all of these same genes were similarly mis-regulated in the eir1 background. eir1 is a pin2 mutant (Luschnig et al., 1998) . The quite similar gene regulatory defects seen in eir1 could indicate a tight coupling of PIN2 and ABP1 and may provide an explanation for defects in the abp1/ABP1 background in responses requiring auxin transport, for example, root gravitropism. Our experiments include no time-course on a minute scale and cannot distinguish between a role in transcription regulation and PIN2 (or several PIN proteins) protein activity as provided Robert et al., 2010) . But, inasmuch as auxin transport could change internal auxin concentrations, gene regulation by TIR1 and AFB homologues would quickly be influenced and back-coupling to ABP1 transcription suggests an interlocking system of ABP1, PIN proteins, TIR1, and homologues (Robert et al., 2010; Xu et al., 2010; Effendi et al., 2011) .
A haploinsufficiency for ABP1 in abp1/ABP1 plants was evident. This is often found when gene products interact with other proteins in a strictly stoichiometrical manner (Veitia et al., 2008) . It has also been found for various human receptors (Fisher and Scambler, 1994) . If ABP1 indeed requires a specific docking protein for its function, the observed haploinsufficiency in the heterozygous plants could result from a stoichiometric imbalance of the two proteins.
The big gap in our knowledge is how ABP1 overcomes the transmembrane distance to the cytosol, which seems to be necessary in initiating signal transduction mechanisms. This gap must be filled by one or more 'docking' proteins (Klämbt, 1990) . Proteins interacting with ABP1 at the external face of the plasma membrane cannot fulfil this function (Shimomura, 2006) . The likelihood of even more than two auxin receptors seems to be low.
In summary, ABP1 fulfils receptor functions. It reversibly and specifically binds auxin with high affinity and it triggers auxin-associated physiological responses. Furthermore, such responses are altered when ABP1 amounts are decreased or increased. Recent experiments with abp1 mutants strongly support this concept.
Is there a two-receptor concept of plant signal transduction and what could be the function of a two-receptor system in plant signal transduction?
As outlined here, there is good evidence for two structurally unrelated auxin receptors, TIR1 and ABP1. For blue light, it is clear that three small gene families of receptors are present in the plant genome, cryptochromes, phototropins, and ZEITLUPE (ZTL) and related genes (Batschauer, 1998) . However, a closer look into signal transduction literature reveals several stimuli and indications for more two-receptor systems. In those cases, it is observed that one receptor is associated with the proteasome-regulated proteolysis of proteins critical for rapid gene regulation. The other receptor triggers signalling networks in the cytosol.
Co-operation of ABP1 and TIR1 is an example of a tworeceptor concept in plant signal transduction Auxin is the one example of a two-receptor concept in plant signal transduction. For instance, rapid electrophysiological responses require cytosolic signal transduction and are obviously linked to ABP1 (Fig. 3) , probably by a 'docking protein' for ABP1 (Klämbt, 1990; Schiebl et al., 1997) . Rapid activation of phospholipase A and D and influx of calcium (Figs 4, 5) provide second messengers and cannot be linked to TIR1, although details remain to be resolved here (Scherer and André, 1989; Shishova et al., 2007; Lanteri et al., 2008; Rietz et al., 2010) . Whether and how co-ordination of the two auxin receptors is achieved is still open to research. Phospholipase A is activated by auxin in 2 min (Paul et al., 1998) and could be the initial reaction leading on to regulate transcription. Phospholipase A inhibitors inhibit auxin stimulation of phospholipase A (Paul et al., 1998) , auxin-induced elongation of zucchini hypocotyl segments (Scherer and Arnold, 1997) , Arabidopsis hypocotyls (Holk et al., 2002) , auxin-induced transcription, and IAA protein proteolysis (Scherer et al., 2007) . The link to an upstream receptor remains an open question. However, phospholipase-A-mediated responses lead to transcriptional regulation. For other rapid auxin responses, regulation of potassium and calcium channels, NO biosynthesis, MAP kinase activity or mall GTP protein activity (Figs 3-6 ), a potential pathway from stimulus to gene regulation is much less clear.
The receptor TIR1 predetermines the transcriptional corepressors (the IAA proteins) to proteolysis by ubiquitination through its E3 ligase activity (Mockaitis and Estelle, 2008) . Thus, the receptor TIR1 is close to proteolytic regulation of central negative transcriptional co-regulators in the nucleus. The potential receptor ABP1 is associated with the regulation of rapid cytosol-based signalling mechanisms (Figs 3-7) . The attractiveness, however, of the idea of ABP1 and TIR1 as two interacting receptors is enhanced by the fact that ABP1 can perceive apoplastic auxin concentration while TIR1 perceives cytosolic concentration. It seems likely that perceiving the two concentrations is also linked to the regulation of auxin transport (Robert et al., 2010; Xu et al., 2010; Effendi et al., 2011) . ABP1 can sense the transported auxin concentration in the apoplast and regulates PIN activity. In its turn, the intracellular auxin concentration regulates gene activity, including PIN genes. Beyond the cellular level, the complex network of vascular bundles in the plant body could be the morphological basis for an interlocking network of auxin transport and gene regulation throughout the plant body.
The potential interaction of ABP1 and TIR1 is symbolically depicted in Fig. 8 using a home-heating system to visualize rapidity, interaction, independence, and interdependence at the same time. TIR1 is symbolized by the thermostat R1 directly regulating the regulatory output 'room temperature' whereas ABP1 is symbolized by R2, the generator and regulator for hot water transport. The thermostat R1, representing the function of TIR1, regulates temperature in each room of a house independently from other room temperatures. Therefore a defect in a thermostat has an immediate impact on room temperature, whereas defects in the hot water transport system regulated by R2 must be drastic to be apparent. Regulation of individual thermostats is independent of the water temperature as long as the water temperature is high enough. Only if the water temperature is too low in the system R2, symbolizing ABP1, does the whole heating system become non-functional, symbolizing the embryo-lethality of ABP1 knockout mutant. The water transport system can also be taken as a symbol for the auxin transport pervading the whole plant.
More examples of two receptors for one signal in plants
The concept of two (or even three) receptors, one of which is close to the signal-induced proteolysis of critical proteins and one of which triggers a cytosol-based or membranelocated receptor-started signal network, is not restricted to auxin alone (Fig. 9) . However, the long-distance transport system powered by energy consumption is unique for a signal compound and allows an elaborately branched system and transport in all directions, including laterally, in stems and roots.
Long-distance transport of a systemic signal which could be jasmonate is multidirectional but the substance transported has not yet been unequivocally identified. ABA and cytokinin are known to depend on transport in the transpiration stream in the xylem, so it cannot be multidirectional, but initial findings at least support a two-receptor system for jasmonate and ABA (see below).
Blue light is perceived by three genetically different receptors: cryptochromes, phototropins, and ZEITLUPErelated receptors (Batschauer, 1998; Franklin et al., 2005; Demarsky and Fankhauser, 2009 ). Phototropins are cytosolic and plasma membrane-associated (Sakamoto and Briggs, 2002; Han et al., 2008) , while cryptochromes are located in the cytosol and in the nucleus (Wu and Spalding, 2007) . The cryptochromes associate with COP9 and, upon phosphorylation by an unknown protein kinase, the major light signal-repressing transcription factor HY5 becomes proteolysed (Liscum et al., 2003) . The dependence of cryptochrome action on phosphorylation indicates a second pathway feeding into cryptochrome signalling. The ZEI-TLUPE gene family comprises ZTL, FKF1, and LKP2. ZTL and FKF1 are E3 ligases which, by inducing proteolysis by ubiquitination, regulate key transcription factors in flowering to allow the expression of CONSTANS late in the day (Demarsky and Fankhauser, 2009) . So, two of the blue-light receptors are associated with the regulated proteolysis of key transcription factors by the proteasome whereas phototropins, being receptor kinases, initiate typical signal transduction networks involving cytosolic calcium and phospholipase C as secondary mediators (Franklin et al., 2005; Christie, 2007; Harada and Shimazaki, 2007; Demarsky and Fankhauser, 2009 ).
To at least some extent, one can regard phytochromes as receptors functionally split into cytosolic phytochrome which initiates a short cytosolic pathway and a major pathway of signal transduction for phytochromes after translocation to the nucleus, where phytochromes act as transcriptional coregulators (Fankhauser and Chen, 2008) . A rapid response to increase cytosolic calcium within minutes was reported earlier (Shacklock et al., 1992) , but its functional relevance no longer seems to be accepted. Attempts to repeat similar experiments with more modern methods have not emerged. However, in Physcomitrella, red light-induced phototropism and chloroplast photorelocation is initiated by dichroitic phytochrome in the cytoplasm (Mittmann et al., 2004) . Uenaka and Kanota (2007) directly showed that chloroplast movement was only regulated by phytochrome localized in the cytoplasm, but not by phytochrome in the nucleus. Both responses are too rapid to be regulated by transcription.
A far red-light signalling pathway interacting with the cytosol-located phototropin 1 emerges and requires a cytosolic phytochrome pathway, however short (Lariguet et al., 2006; Shen et al., 2009) . Furthermore, light-regulated protein phosphorylation is the trigger enabling the photoreceptor phytochrome A to uncouple itself from a cytoplasmic anchor, thereby exposing the nuclear import signal (Rösler et al., 2007) . Hence the transport of phytochrome to the nucleus and subsequent gene regulation depends on an event in the cytosol and it is difficult to assume that light perception in the cytosol is not involved. These facts would suggest that phytochrome A in particular starts a cytosolic signal transduction chain, although perhaps a short one (for a detailed review see Rö sler et al., 2010) .
Migration to the nucleus of phytochrome A and B with a direct and rapid impact on red light-induced transcription is the established mechanism of action of phytochrome. Furthermore, proteolytic degradation of phytochrome A induced by the signal red light is a long-established observation (Rockwell et al., 2006) , so that rapid degradation of a protein critical for transcription regulation is an important theme in (far) red light signalling. Degradation of phytochrome B as part of red-light signalling is also described by Jang et al. (2010) .
Two more hormone receptors are associated with signalinduced proteolysis of repressor transcription factors by the proteasome. They are the jasmonate receptor COI1, which is an E3 ligase (Yan et al., 2009) , and the gibberellin receptor GID1, which associates with an E3 ligase (Ueguchi- Tanaka et al., 2005; Katsir et al., 2008) . For jasmonate, there has been as yet no direct evidence reported for a second receptor. However, rapid responses are known to generate pH changes involving the potassium channel GORK1 and the generation of NO and ROS as early as 10 min after adding jasmonate (Suhita et al., 2004; Munemasa et al., 2007; Takahashi et al., 2007) . The first calcium spike which occurs as a response to jasmonate is found 5 min after application (Islam et al., 2010; Munemasa et al., 2011) , and the response of the calcium channel in guard-cell protoplasts was found after 1 min. This second response was not found in cells deficient in calciumdependent protein kinase CPK6 (Munemasa et al., 2011) . These calcium responses are difficult to explain by means of protein biosynthesis regulated by COI1 in the nucleus. Because CPK6 is a cytosolic intermediate, a receptor different from COI1 is indicated, perhaps located in the plasma membrane.
In gibberellin signal transduction, there is evidence for dependence on gibberellin-induced phosphorylation of the RGA and SGR transcriptional repressors as a prerequisite for their proteolysis (Ishida et al., 2004) or accumulation in the nucleus (Hussain et al., 2005) . A cytosolic pathway involving SPY-dependent glycosylation was described but the trigger or signal for glycosylation was not identified (Maymon et al., 2009) . Gibberellin-induced protein phosphorylation of transcription factors (in the cytosol?), coupled to the translocation of transcription factors into the nucleus destined for a receptor-induced proteolytic mechanism located in the nucleus, is difficult to explain by the regulation of transcription as the starting point (Itoh et al., 2008) because such a signal pathway should take more than 10 min to be effective (compare Fig. 2D) . Rather, this gibberellin-dependent phosphorylation suggests the presence of a cytosolic signalling pathway triggered by a second receptor (Gilroy and Jones, 1994) . Similarly, regulation of SPY glycosylating DELLA in the cytosol by a transcription-based mechanism to enhance the ubiquitination of DELLA would be an unusual concept. Presently, no data are available to decide whether this glycosylation step is controlled by a gibberelllin receptor, by transcription, or by other signals.
The case of ABA signalling and its receptors is intriguing and bewildering for the non-specialist. Nevertheless, several elements of similarity to the principles of auxin signal transduction are evident, although some are vividly disputed in recent reviews (McCourt and Creelman, 2008; Cutler et al., 2010; Hubbard et al., 2010; Raghavendra et al., 2010) . Early observations suggested that there was extracellular perception for ABA (Anderson et al., 1994; Gilroy and Jones, 1994; Schultz and Quatrano, 1997; Jeanette et al., 1999) and intracellular perception sites (Allan et al., 1994; Schwartz et al., 1994) . It should be kept in mind that this was the time when extracellular perception of auxin by ABP1 had been shown not too long before (Barbier-Brygoo et al., 1989 ) and TIR1 had not yet been discovered. All types of postulated or generally accepted receptors are thoughtfully reviewed by Cutler et al. (2010) and Hubbard et al. (2010) . These authors do not deny some potential for GTG1 and GTG2 (GPCR-Type G proteins) to be ABA receptors but also point out the difficulties in the binding assay and the weak phenotypes of knockout plants. In the model of ABA signal transduction initiated by these receptors, GDP is bound in the activated state of the receptor, which liberates phospholipase Da from the membrane surface and activates it (Zhang et al., 2004) . This produces phosphatidic acid, which binds to the protein phosphatase subunit ABI1 to the plasma membrane and blocks its negative effect on ABA-induced transcription (Mishra et al., 2006; Takemiya and Shinozaki, 2010) . More recently, the activation by ABA of a novel phosphatidylcholine-hydrolysing phospholipase C which liberates diacylglycerol was shown. Diacylglycerol may also be subsequently phosphorylated to generate phosphatidic acid (Peters et al., 2010) . However, recent findings convincingly show binding of ABI1 to intracellular PYR/PYL receptors instead. It will be interesting to see which steps of signal transduction by GTG1/2 stand the test of time; at present, Two-receptor concept in plant signal transduction | 3351 they seem to be unclear. The analogy of GTG1/2 to ABP1 bears similarities to the initial euphoria concerning ABP1 and the subsequent dumping of this receptor concept by most authors later. One can hope that some key facts on GTG1/2 will be independently investigated, even though most reviews clearly favour the idea that only intracellular ABA receptors truly have receptor functions.
The intracellular receptors PYR/PYL/RCAR have been described as a gene family by four separate research teams (reviewed in Cutler et al., 2010; Hubbard et al., 2010; Raghavendra et al., 2010) , and several proteins of this family have receptor properties. These PYR/PYL/RCARtype ABA receptors in the newer models bind the ABI1 phosphatase subunit and related protein phosphatases to diminish their negative functions in ABA signalling. Phosphorylation of at least two ion channels leads to the inactivation of potassium influx and anion efflux, but phosphorylation of transcription factors is among the next steps so that binding ABI1 will enhance phosphorylation. The exact details of the activation of calcium influx, probably by a SLAC1-type channel, are not known. Clearly, it is an attractive concept that intracellular receptors can both initiate the regulation of ion channels, NADH oxidase to generate H 2 O 2 , cytosolic calcium as cytosolic second messengers, and transcription factor activities as well. A third potential ABA receptor on the plastid surface is not discussed here (Shang et al., 2010) .
Further analogies of ABA signalling to auxin signalling are the E3 ligases DWA1 and DWA2 specific for ABAregulated transcription factors ABI5 and MCY2, which are down-regulated by DWA1 and DWA2 (Lee et al., 2008 . However, there is no indication at all that ABA binding activity could be associated with these ubiquitinating enzymes. PDR-type ABC transporters for ABA catalyse ABA release from root cells and the uptake of ABA into stomata so that ABA emitted by water stress into the root xylem can quickly influence the ABA response in leaves (Kang et al., 2010; Kuromori et al., 2010) . This is not as elaborate as the systems of polar active auxin transport in the plant downward, laterally and upward in the root, but superficial similarities are obvious.
Generally, there is evidence that signal-induced proteolysis in the proteasome may be the rule rather than the exception in plants. The much higher number of E3 ligases in the plant genome compared with yeast or animals suggests that signalinduced proteolysis is plant-typical (Dreher and Callis, 2007; Stone and Callis, 2007) . The pathways to regulate this proteolysis seem to be quite variable and most are still unknown. It seems, however, to be simply even more efficient to place a receptor for a stimulus close to the function of the proteasome, as is the case for TIR1, COI1, GID1, CRYs, and ZEITLUPE, than to use a more time-consuming signalling mechanism. The purpose of such a regulatory unit could be to create a swift and independent regulatory module consisting of key transcriptional repressors under the control of receptor-regulated or stimulus-regulated proteolysis. This would be largely independent of other signals, and of signals from other tissues/cell types, or even from the same signal directed by a second receptor, a concept also currently called cell-autonomous. This autonomy avoids the delay of longdistance signalling for which the plant body is not well equipped in contrast to the animal body, which has nerves and blood circulation for signal transport. A further aspect is that the final quantitative physiological response is determined by transcription at the tissue where perception happens.
The function of receptors triggering cytosolic signal transduction pathways could be to initiate even faster responses than transcription-controlled responses such as growth inhibition by blue light mediated by PHOT1 (Folta et al., 2003; Harada and Shimazaka, 2007) or channel regulation by auxin as a prerequisite for auxin-induced elongation (Barbier-Brygoo et al., 1989; Thiel et al., 1993; Rü ck et al., 1993; Blatt and Thiel, 1994) . Later along the time axis, there could be, or even should be, co-ordination between two receptors for one signal. The opposite assumption, no co-ordination of two receptors for one signal, does not seem to be a viable and, in this sense, realistic concept. 
